Introduction

50
Flavonoids are one of the major secondary metabolite classes with over 9000 different Hesperidin, a type of bioflavonoid, is the predominant flavanone that accumulates 65 in plants of the Rutaceae and Umbelliferae, particularly in several Citrus peels. In the 66 peels of satsuma mandarin (Citrus unshiu), for example, hesperidin is the most 67 accumulated flavonoid followed by narirutin, a hesperidin derivative (Nogata et al., 68 2006). Much attention has been directed to the pharmacological effects of hesperidin 69 including anti-carcinogenic, anti-inflammatory and analgesic activities (Garg et al., 70 2001). Recently, glucosyl hesperidin, a water-soluble form of bioflavonoid, was 71 synthesized and used as a potential drug carrier (Tozuka et al., 2011 (Iwashina et al. 1988 ). Investigations of these flavonoid crystals were performed by 86 elemental analysis using energy dispersive X-ray spectroscopy, component analysis of 87 the extracts using high performance liquid chromatography (HPLC) (Cornara et al., 88 2009) and UV spectral analysis (Iwashina et al., 1988) In this study, we demonstrated that Raman microscopy fulfilled the demands for 
Sample preparation
118
Frozen fruits of C. unshiu were sliced with a hand knife, and the peels were separated 
Scanning electron microscopy (SEM)
145
Immature fruit peel sections were sputter-coated with gold using an ion coater 146 (JEE-1100E, JEOL Ltd., Akishima, Japan) and observed using a SEM (JSM-6060,
147
JEOL Ltd., Akishima, Japan) at an accelerating voltage of 5 kV. accuracy was estimated by triplicate measurements of hesperidin and narirutin standards.
161
Raman spectra were taken from crystalline materials in 50 μm thick sections (section 2) were also collected from sections soaked in 50 μL of distilled water and ultrasonicated.
165
Spectra of the collected crystals were taken for comparison. For positive controls,
166
standards of hesperidin and narirutin were also analyzed. All scans were repeated to 167 obtain suitable signal-to-noise ratios. however, fewer and smaller green-stained structures were present in the mature peel 178 (Fig. 2) . The structures showed crystalline properties that were confirmed using 179 polarizing light microscopy (data not shown). In particular, the crystals accumulated in 180 areas surrounding vascular bundles, around the border between the flavedo and the 181 albedo layers (Fig. 2a, b, 3a) , and just below the epidermal cells (Fig. S1 ).
182
Occurrence of the crystals correlated with immature peel sections thicker than 40 The distribution of the crystals was not homogenous in immature peel sections ( Fig. 2a, b ), making it difficult to quantify the density. In mature peel sections, albedo 193 tissues were too fragile to section using the sliding microtome (Fig. 2d, 
197
The solubility properties of the crystals in the sections were investigated. The 198 crystals were found to be insoluble in distilled water but soluble in dimethyl sulfoxide 199 (DMSO) (Fig. 3a, b ). Hesperidin showed a poor water solubility (4.95 ± 0.99 μg/mL; (Fig. 4) . Needle-shaped crystals aggregated to form clusters of spherical crystals, which
214
were attached to the cell walls (Fig. 4a-c) . The needle-shaped crystals were 215 morphologically consistent with the structure of the hesperidin standard crystal (Fig.   216 4d).
218
Comparison of Raman spectra of crystals, hesperidin and narirutin
219
Raman spectra were taken from crystals in immature peels of C. unshiu and compared 220 to the spectra of hesperidin and narirutin standards (Fig. 5, S2 ). When hesperidin and 221 narirutin standards were analyzed, the peaks at 764 and 1607 cm -1 were found in the 222 spectrum from hesperidin standard and the peak at 812 cm -1 was found in that from 223 narirutin standard (Fig. 5c, d ). microscopy. Then, the Raman spectrum of a crystal in the peel section was compared to 229 those of the standards and these spectra were found to be similar (Fig. 5a, c) (Fig. 5a, c) . The gap of their Raman shift between the 233 crystals and hesperidin standard were within the range of the main Raman peaks from 234 hesperidin standards in triplicated measurements (6.2-0.2 cm -1 ). Therefore, these results
235
strongly suggested the main component of the crystals to be hesperidin.
236
In Raman spectra taken from aromatic compounds, the aromatic C-H our-of-plane Raman spectra of crystals isolated from sections by ultrasonication were compared to 244 the spectra of the crystals remainded in situ (Fig. 5a, b) . Both spectra had common 245 peaks corresponding to the spectrum of hesperidin standard and there was no significant 246 influence of the background using Raman microscopy. 
266
Numerous crystals of hesperidin sometimes were located around the vascular 267 bundles of immature peels (Fig. 2a, 3a) . Cornara et al. (2009) investigations.
299
In this study, we focused on the characteristic property of hesperidin to form 
